Survivin, a member of the inhibitor of apoptosis protein (IAP) family, has been widely studied because of its aberrant expression in human cancer. Survivin has multiple functions, including cell-cycle regulation at mitosis, inhibition of apoptosis and caspaseindependent cytoprotection. Clinical studies have shown that survivin is associated with resistance to treatment and its expression is linked to poor prognosis. Recent studies indicated that Ras pathways up-regulate survivin expression in hematopoietic cells. Here we analyzed downstream pathways of Ras in interleukin-3 (IL-3)-dependent Baf-3 murinederived pro-B lymphocytic cells that express constitutively active Ras mutants, using signaling pathway-specific inhibitors. Both mitogen-activated protein kinase (MAPK) and phosphatidylinositol-3 kinase (PI3-K) pathways are involved in the induction of survivin. Downstream of PI3-K, the signaling pathway is composed of two kinases, Akt and mammalian target of rapamycin (mTOR) pathways. In the downstream targets of PI3-K, mTOR but not Akt is responsible for survivin expression. Using a counterflow centrifugal elutriator, we observed G2/M phase-dominant survivin expression in Baf-3 cells. Interestingly, constitutively active Ras mutants also induced survivin in a cell cycle-dependent manner. Reporter assays of the survivin gene promoter revealed a transcriptional regulatory cis-acting region that is responsible for Ras signaling, indicating that Ras increases the transcription of the survivin gene through specific enhancer elements. These data illustrate the pathways regulating survivin expression by Ras. Ras activates the MAPK, PI3-K and mTOR pathways, and these signals enhance survivin transcription. Our data will provide the new information about mechanisms of survivin expression by Ras-signalling pathways.
survivin; ras; Baf-3 cell; IL-3; MAPK; PI3-K. (Carter et al. 2001 , Sommer et al. 2003 . Baf-3 cells have been a useful tool for analysis of cytokine-dependent control of hematopoietic cell proliferation, because IL-3 strictly regulates cell cycle and apoptosis. Moreover, Baf-3 cells expressing several Ras mutants including Ras(G12V), a constitutively active Ras that activates both MAPK and PI3-K pathways, and Ras(G12V/V45E) that activates PI3-K but not MAPK pathways, are useful tools for dissecting Ras pathways (Fig. 1) . For example, we identified Bim, a BH3-only cell death activator, as the key target molecule of cytokine-initiated hematopoietic progenitors using this IL-3-dependent cells. In addition, by treatment of Baf-3 cells expressing Ras mutants with kinase-specific inhibitors for MAPK, PI3-K or mammalian target for rapamycin (mTOR), we demonstrated that cytokine-initiated signals via Ras/MAPK and Ras/PI3-K/mTOR pathways destabilize Bim mRNA and subsequently protect cells from apoptosis (Shinjyo et al. 2001 , Matsui et al. 2005 .
Survivin, the smallest member of the inhibitor of apoptosis protein (IAP) family, not only protects cells from apoptosis but also promotes cell division (Li et al. 1998) . Survivin expression levels are very low in most differentiated tissues (Ambrosini et al. 1997) , and its expression is limited in G2/M phase in normal cells (Li et al. 1998) . By contrast, survivin is abundantly expressed in many of the tumors including hematological malignancies (Ambrosini et al. 1997) . Thus regulation systems for the expression of this IAP family member has been a focus of intensive research in the field of carcinogenesis.
Previously studies revealed that survivin is regulated by interleukin (IL)-3 in Baf-3 murine IL-3 dependent pro-B cells and overexpression of survivin delayed apoptosis of Baf-3 cells induced by IL-3 starvation, suggesting that survivin contributes to cytokine-dependent survival in hematopoietic progenitors (Ambrosini et al. 1997 , Fukuda et al. 2004 ). In addition, it was reported that Ras upregulates survivin expression through mitogen-activated protein kinase (MAPK) and phosphatidylinositol-3 kinase (PI3-K) pathways The similarities in cytokine dependency and in regulation pathways between survivin and Bim prompted us to dissect regulation mechanisms of survivin expression by Ras pathways in Baf-3 cells. Here, we show that survivin and Bim share common regulation pathways. However, unlike Bim expression, which is controlled by mRNA stability, survivin is likely regulated through a cell cycle-dependent enhancer element.
MATERIALS AND METHODS

Cell culture and cell growth assay
Baf-3 murine IL-3-dependent pro-B lymphocytic cells were cultured in RPMI1640 medium containing 10% fetal calf serum (FCS), 20 mM Hepes, 50 μ M 2-mercaptoethanol, and 0.5% 10T1/2 conditioned medium of C3H10T1/2 cells as an IL-3 source (Matsuda et al. 1999) . Stable transfectants of dexamethasone (Dex)-inducible Ras mutants [Ras(G12V) and Ras(G12V/ V45E)] were established in Baf-3 cells as previously described (Kinoshita et al. 1997) . The Ras(G12V) mutant is a constitutive active form of Ras and activates both MAPK and PI3-K pathways, while the Ras(G12V/ V45E) mutant actives the PIK-3 but not the MAPK pathway (Kinoshita et al. 1997) . The transfectants were maintained in medium containing 1 mg/ml G418 and its ras activity was induced by addition of Dex (2 × 10 -7 M).
To deplete IL-3, cells were washed twice with IL-3-free growth medium. Viable-cell counts were determined by trypan blue dye exclusion in triplicate assays.
Immunoblot analysis
Immunoblot analysis was performed as described previously (Shinjo et al. 2001) . Briefly, cells were solubilized in Nonidet P-40 lysis buffer containing protease inhibitor mixture (Complete; Roche Molecular Biochemicals, Germany). Cell lysates extracted from 1 × 10 6 living cells were applied per lane and subjected to SDS-polyacrylamide gel electrophoresis. After proteins were electrotransferred to polyvinylidene difluoride membranes, immunodetection was performed using ECL kit (Amersham, Little Chalfont, Buckinghamshire, United Kingdom). Human survivin and actin antibodies were purchased from Novus Biologicals (Littleton, CO, USA); β -microtubuline antibody from Sigma-Aldrich (St. Louis, MO, USA). Intensities of blot were measured by using Image J, a freely available software program (Abramoff et al. 2004) .
Centrifugal elutriation
Counterflow centrifugal elutriations were performed using the SRR6Y elutriation system and rotor equipped with a 4.5 ml chamber (Hitachi Koki Co., Ltd., Tokyo) (Donaldson et al. 1997) . Cells were suspended at 1-2 × 10 8 cells in 50 ml of phosphate buffer saline containing 1% fetal bovine serum and injected into the elutriation system at 4°C using an initial flow rate of 16 ml/min and a rotor speed of 2,000 rpm. The flow rate was incrementally increased, and cell fractions were collected serially as follows: fraction 1: 200 ml at 16 ml/min; fraction 2: 200 ml at 18 ml/min; fraction 3: 200 ml at 20 ml/min, fraction 4: 200 ml at 22 ml/min, fraction 5: 200 ml at 24 ml/min, fraction 6: 200 ml at 26 ml/min, fraction 7: 200 ml at 28 ml/min. Cell cycle profile of elucidated cells was analyzed by staining DNA with propidium iodide in preparation for a flow cytometry with FACScan/CellFIT system (Becton-Dickinson, San Jose, CA, USA).
Luciferase assay
The sequence of the human survivin gene (GenBank Accession No. U75285) was used to engineer polymerase chain reaction (PCR) cloning primers. Numbering begins at the initiation site, ATG (Li et al. 1999) . The 5′-flanking regions of the survivin gene (−124/+23, −190/+23, −265/+23, −480/+23, −675/+23, −1,450/+23) were amplified by PCR and subcloned into the pBluescript SK+ at SmaI and HindIII sites, and then BmaI/HindIII fragment was cloned into the pGL3-basic, firefly luciferase reporter vector. The resulting reporter plasmids were designated as , and pGL-1450, respectively. Cells were transfected with luciferase plasmids (30 μ g) and pRL-tk (5 μ g) for the control of transfection efficiency. Cells were cultured with both Dex and IL-3 for 8 hours after transfection. Thereafter, cells were washed with IL-3-free medium and cultured in the presence or absence of Dex for 16 hours. Luciferase assays were performed using the Dual-Luciferase reporter assay system (Promega, Madison, WI, USA), and their activities in the cell extracts were measured using a luminometer (Lumat LB 9507; Berthold, Germany). Relative luciferase activity was calculated by dividing the luciferase activity for each construct by that of the empty pGLbasic reporter plasmid. The results from three independent studies are shown with the means ± standard deviations. Student's t-test was used to compare differences between #1 reporter and indicated plasmids. *P values < 0.01 were considered statistically significant.
Reagents
LY294002 was purchased from Sigma-Aldrich (St. Louis, MO, USA). PD98059 and rapamycin were purchased from Calbiochem (La Jolla, CA, USA).
RESULTS
Ras-mediated expression of survivin
Parental Baf-3 cells underwent cell cycle arrest and apoptosis within 36 hours by IL-3-starvation ( Figs. 2A and 2B) . As previously reported, induction of Ras(G12V) and Ras(G12V/ V45E) completely or partially blocked apoptosis, but cell cycle arrest was not restored (Kinoshita et al. 1997) . In parental Baf-3 cells, survivin expression was downregulated by IL-3 starvation over time and was barely detectable at 24 hours (Fig.  2C) . By contrast, in Baf-3 cells expressing Ras(G12V) or Ras(G12V/V45E) cultured without IL-3, although survivin levels decreased, still considerable amounts of survivin were detected for Ras(G12V) and Ras(G12/V45E) mutants were induced by an addition of 10 -7 M Dex 8 hours before IL-3 withdrawal and continued to culture in the absence of IL-3. Cell number (A) and percent viability (B) were measured by trypan blue dye exclusion. Representative experiments are shown; similar results were obtained in three independent experiments. (C-E) Immunoblot analysis with antibody against survivin in parental Baf-3 cells (C), Baf-3 cells expressing Ras(G12V) (D), and Ras(G12/V45E) (E). Cell lysates were prepared at the indicated time points after IL-3 withdrawal. The proteins extracted from 1 × 10 6 living cells were applied to each lane. β -actin was used as a control to confirm equal loading. more than 72 hours (Figs. 2D and 2E ), suggesting that survivin partially restored by Ras mutants contributes to protection of cells from apoptosis by IL-3 starvation.
To identify downstream pathways of Ras that are involved in the induction of survivin, we used a MAPK-specific inhibitor, PD98059 (PD) and a PI3-K-specific inhibitor, LY294002 (LY). When Baf-3 cells expressing Ras(G12V) cultured in the absence of IL-3 were treated with a combination of PD and LY, cells rapidly underwent apoptosis and all cells died within 72 hours (Figs. 3A and  3B ). Over the time, survivin protein levels were decreased and became undetectable within 48 hours (Fig. 3C, lane 6) . By contrast, treatment of LY alone did not show significant cell viability loss (Fig. 3B) . In addition, approximately 40% of cells were viable with PD treatment for 96 hours. In these cells, similar expression levels of survivin were detected to compare with those in cells untreated with the kinase inhibitors (Fig. 3C,  lanes 3, 9 and 12 ), suggesting that either Ras/ 
MAPK or Ras/PI3-K pathways is involved in the survivin expression.
To further analyze downstream pathways of Ras/PI3-K pathways, we used rapamycin, an mTOR kinase-specific inhibitor. When Baf-3 cells expressing Ras(G12V/V45E) were treated with rapamycin in the absence of IL-3, all cells died within 96 hours (Figs. 4A and 4B ), indicating that mTOR is the major antiapoptotic mediator in Ras/PI3-K pathways, as we previously reported (Shinjyo et al. 2001) . In these cells, survivin protein expression was barely detectable within 48 hours (Figs. 4D lane 5) , suggesting that mTOR is the major downstream mediator of PI3-K for survivin expression. As expected, neither cell viability nor survivin expression levels was affected by rapamycin in cells expressing Ras(G12V) (Figs. 4A to 4C), because Ras/MAPK pathways, which are not inhibited by rapamycin, will function in these cells.
Cell cycle-dependency of survivin expression
We next tested cell cycle phase-specific expression of endogenous or Ras-induced survivin. Because it is difficult to synchronize lymphoid cells by serum starvation or by reagents inhibiting cell cycle progression at a specific phase, we used counterflow centrifugal elutriation to enrich cells at each phase of the cell cycle. In each fraction, 90% or more of enriched cells was in G1-phase, 80% or more in S-phase, and approximately 80% in G2/M-phase. (Fig. 5A ).
Immunoblot analysis revealed that G2/M phasedominant expression in parental Baf-3 cells, although considerable levels of survivin protein were detected in G1 or S phase (Fig. 5B, lanes 1  to 3) . In Ras(G12V) or Ras(G12V/V45E) cells, similar G2/M phase-dominant survivin expression was observed (lanes 4 to 9), suggesting that downstream target(s) of Ras pathways function through cell-cycle phase-independent enhancer(s).
Identification of Ras-mediated enhancer region in survivin promoter
To identify the region of survivin promoter responsible for Ras signalings, we conducted functional analysis on the various size of genomic fragment of survivin promoter, using six reporter plasmids (pGL-124 to -1450) (Fig. 6) . When Baf-3 cells cultured in the presence of IL-3 were transfected with each of the six reporter plasmids, luciferase activities were always significantly higher than those in cells cultured in the absence 
DISCUSSION
In earlier studies, we and others demonstrated that signals emanated from the membrane proximal and distal portions of the common β chain of IL-3 receptor independently contribute to Baf-3 cell survival (Kuribara et al. 1999) . The former signals upregulate Bcl-x L expression via STAT pathways, but have only limited potential to support cell survival in IL-3-free medium. By contrast, the latter signals that activate Ras and subsequently downregulate Bim via MAPK and PI3-K/mTOR pathways appeared to be the major pathways regulating surivival of this particular cell line (Fig. 1) , because activation of Ras supports cell survival in IL-3-free medium indefinitely. Surprisingly, Akt, a downstream target kinase of Ras/PI3-K pathways that has powerful antiapoptotic potential does not involved in downregulation of Bim (Shinjyo et al. 2001) . Another unique point of this apoptosis regulation system is that Bim expression is regulated by mRNA stability, instead of transcriptional control or ubiquitin proteasome mechanism (Matsui et al. 2005) .
In this report, we demonstrated that survivin shares the common regulation pathways with Bim: Ras/MAPK and Ras/PI3-K/mTOR pathways (Fig. 7) . The involvement of mTOR rather than Akt is supported by a recent report (Vaira et al. Fig. 6 . Reporter assay using constructs containing human survivin promoter. Luciferase activity of the indicated survivin promoter-luciferase constructs in transiently transfected parental Baf-3 cultured with or without IL-3, cells expressing Ras(G12V/V45E) or Ras(V45E) in the absence of IL-3. Data are mean ± S.D. of duplicates of representative experiments of at least three independent determinations. * P value (P < 0.01) comparing luciferase activity with that of #1 reporter plasmid.
2007) that indicates that the expression of survivin is upregulated by transfection of p70/S6K gene, which is known to be regulated by rapamycin-sensitive pathways (Fig. 1) . Unlike Bim, survivin is also induced by Rasindependent pathways, because Ras(G12V) only partially restores survivin expression (Fig. 2D) . One more difference between Bim and survivin in Baf-3 cells is their biological significance. Bim appears to be the major player of the cytokinedependent apoptosis regulatory system in Baf-3 cells, because Bim at levels equivalent to those induced by IL-3 starvation readily kills Baf-3 cells even in the presence of IL-3. By contrast, survivin only partially reverses apoptosis caused by IL-3 strarvation. Nevertheless, we consider that it is important that survivin and Bim share common regulatory pathways, because biological significance of teminal regulators of cell survival such as the Bcl-2 superfamily or the IAP family could be diverged among hematopoietic progenitors in different lineages and/or maturation stages.
Antiapoptotic signals via Ras pathways reduce Bim expression via a unique mRNA stabilizing mechanism (Matsui et al. 2005) . For survivin, Ras likely regulates survivin expression through transcriptional control. Ras signals did not affect luciferase activity through the shortest fragment of survivin promoter (−124, #1), suggesting that signals via Ras-independent pathways induce survivin transcription through this region, which contains critical cell-cycle dependent enhancer such as CHR and CDEs (Fig. 6) . Instead, Ras signalings most likely affect survivin expression through cytokine-independent enhances between -190 and -124, since Ras induced survivin expression shows apparent cell cycle phasedependency. These results should be helpful to understand the mechanism of Ras-survivin pathway in human cancers.
